We describe the route by which aldosterone-triggered macromolecules enter and exit the cell nucleus of Xenopus laevis oocyte. Oocytes were microinjected with 50 fmol aldosterone and then enucleated 2-30 min after injection. After isolation, nuclear envelope electrical resistance (NEER) was measured in the intact cell nuclei by using the nuclear hourglass technique. We observed three NEER stages: an early peak 2 min after injection, a sustained depression after 5-15 min, and a final late peak 20 min after injection. Because NEER reflects the passive electrical permeability of nuclear pores, we investigated with atomic force microscopy aldosterone-induced conformational changes of individual nuclear pore complexes (NPCs). At the early peak we observed small (Х100 kDa) molecules (flags) attached to the NPC surface. At the sustained depression NPCs were found free of flags. At the late peak large (Х800 kDa) molecules (plugs) were detected inside the central channels. Ribonuclease or actinomycin D treatment prevented the late NEER peak. Coinjection of aldosterone (50 fmol) and its competitive inhibitor spironolactone (500 fmol) eliminated the electrical changes as well as flag and plug formation. We conclude: (i) The genomic response of aldosterone can be electrically measured in intact oocyte nuclei. (ii) Flags represent aldosterone receptors on their way into the cell nucleus whereas plugs represent ribonucleoproteins carrying aldosterone-induced mRNA from the nucleoplasm into the cytoplasm. (iii) Because plugs can be mechanically harvested with the atomic force microscopy stylus, oocytes could serve as a bioassay system for identifying aldosterone-induced early genes.
S
ignals such as an increase in intracellular calcium concentration or intracellular alkalinization are the early responses of target cells to the mineralocorticoid hormone aldosterone. The intracellular calcium signal can be detected a few seconds after hormone exposure (1) (2) (3) , whereas the pH signal occurs later but usually lasts longer (4) . Although there are no doubts about the existence of these early hormone responses, the physiological relevance is still unknown. For almost 40 years it has been postulated that inorganic ions could play a crucial role in steroid hormone-induced gene activation (5) . This suggestion has been supported by more recent findings in our own laboratory (6, 7) . The signaling pathway of steroid hormones involving intracellular macromolecules is well established. Aldosterone is known to bind to mineralocorticoid receptors located in the cytosol. Hormone binding changes protein conformation and translocates the receptor into the nucleus where it attaches to specific DNA. Transcription occurs and finally mRNA is exported to be translated into aldosterone-induced proteins at the ribosomes. Although this macromolecular signal pathway has been described in detail, there are no data available that directly show both functionally and structurally import͞export of macromolecules across the nuclear envelope (NE). Nuclear pore complexes (NPCs) mediate macromolecule transport serving as selective barriers in the control of gene activation (8) (9) (10) . Electrical current through NPCs can be measured by patchclamp techniques applied to cell nuclei (11) (12) (13) and related to macromolecule translocation (14) . Whole NE electrical conductance can be measured by the recently developed nuclear hourglass technique (NHT) (15) and related to NPC function.
By means of atomic force microscopy (AFM) individual NPCs can be visualized and NPC conformation can be studied (16) (17) (18) (19) . Therefore, we considered that a combination of electrical tools with AFM should allow us to obtain both functional and structural information on NPCs during hormone stimulation. Indeed, we found dramatic shifts in passive electrical NE permeability during aldosterone stimulation that could be explained by the structural changes of individual NPCs. We visualized steroid hormone-induced protein import across nuclear pores and mRNA export from the nucleus to the cytoplasm at the molecular level.
Methods
Oocyte Injection and Preparation of Cell Nuclei. Female Xenopus laevis were anaesthetized with 0.1% ethyl m-aminobenzoate methanesulfonate (Serva), and a portion of their ovaries was removed. Stage VI oocytes were dissected from ovary clusters and stored in modified Ringer's solution (87 mM NaCl͞3 mM KCl͞1.5 mM CaCl 2 ͞1 mM MgCl 2 ͞10 mM Hepes͞100 units/100 g penicillin/streptomycin, pH 7.4) before use.
For the aldosterone and spironolactone experiments oocytes were injected with 50 nl (Ͻ10% of total oocyte volume) 10 M aldosterone (both dissolved in 50 nl solvent). For nuclear isolation, oocytes were transferred into nuclear isolation medium (NIM) composed of 10 mM NaCl, 90 mM KCl, 2.0 mM MgCl 2 , 1.1 mM EGTA, 10 mM Hepes titrated to pH 7.4. No ATP was present in the NIM to stop (''freeze'') nucleocytoplasmic transport immediately after nuclear isolation. In addition, NIM contained 1.5% polyvinylpyrrolidone (PVP, M r ϭ 40,000; Sigma) to compensate for the lack of macromolecules. The presence of PVP prevents nuclear swelling that instantaneously occurs during isolation in NIM in the absence of macromolecules (20) .
NHT and Experimental Protocol. The technical aspects of the method and its application in isolated cell nuclei have been described in detail (15) . In short, the method uses a tapered glass tube, which narrows in its middle part to two-thirds of the diameter of the nucleus. A current of up to 1 mA is injected by two massive Ag͞AgCl electrodes through either end of the glass tube. The voltage drops across the cell nucleus are measured with two conventional microelectrodes. Because current and voltage are simultaneously measured, the resistance can be continuously calculated. At the start of the experiment the nucleus is sucked into the tapered part of the capillary by gentle fluid movement. Thus, the whole current now flows through the accessible parts of the NE. The resulting rise in total electrical resistance indicates the NE electrical resistance (NEER).
In the aldosterone͞spironolactone experiments, nuclei isolated after different time lags (2-30 min) after the hormone injection were brought into the NHT capillary filled with NIM. Twenty seconds later NEER measurements were started. In the RNase experiments (RNase A is an enzyme that catalyses depolymerization of single-stranded RNA) isolated nuclei were brought into the NHT capillary filled with NIM plus 0.2 g mRNase A͞ml (DNase-free mRNase A Tris-EGTA stock solution with a concentration of 1 mg͞ml; Roth, Karlsruhe, Germany). In this series of experiments NEER was measured 20 s (first measurement) and 20 min (second measurement) after RNase exposure (paired study; nuclei remained in NHT capillary over the whole time of the measurement). In actinomycin D experiments NEER measurements were performed 19 min after coinjection of the transcription blocker and aldosterone.
NE Preparation and AFM. NE preparation and AFM application to spread NEs has been described in detail (18) . In short, nuclei were manually isolated in NIM by piercing the oocyte with two pincers. Individual intact nuclei were picked up with a Pasteur pipette and transferred to a glass coverslip placed under a stereomicroscope. Then, the chromatin was carefully removed by using sharp needles and the NE was spread on poly L-lysinecoated glass, with the nucleoplasmic side facing downward. Finally, the NE was rinsed with deionized water and dried.
We used a Multimode (with a NanoScope IIIa controller, Digital Instruments, Santa Barbara, CA) equipped with an optical microscope, a video camera, and a monitor to visualize the NE and the AFM tip on the AFM head stage. V-shaped 200-m long silicon nitride cantilevers with spring constants of 0.06 M͞m and pyramidal tips with an estimated tip diameter of 10 nm (Digital Instruments) were used. The images were recorded with 512 lines per screen, at constant force (height mode) in contact mode with a scan rate of 3-10 Hz. The forces applied during the scanning procedure were minimized by, in a first step, retracting the AFM tip until it lost contact with the sample surface and, in a second step, by reengaging the tip at a set point (i.e., force value) minimally above the liftoff value. Applying this approach, we usually could obtain scanning forces below 3 nN. Experiments were performed with a fluid cell. Although the AFM tip physically interacts with the NE we usually could perform multiple scans without damaging the preparation. Scanning at low forces (3 nN or less) left no visible marks on the surface.
AFM analysis of NPCs is explained in Fig. 1 . We analyzed NPCs decorated with macromolecules in the ring periphery (so-called flags; Fig. 1 A and B) or with macromolecules in the ring center (so-called plugs; Fig. 1 C and D) . About 100 m 2 per NE harvested from individual nuclei of aldosterone-injected oocytes was scanned by AFM and analyzed. The number of individual nuclei studied is indicated in Fig. 1 . Flagged NPCs and plugged NPCs were related to total NPC number. Flags and plugs can be distinguished by size and location. Molecular size can be estimated according to methods described for a variety of proteins bound to mica surface (21, 22) or bound to biological substrates as DNA (23, 24) . In short, we measured the diameter at half-maximal height of the individual molecules, which sufficiently compensates for the artificially induced overestimation of the protein width. After obtaining the dimensions of an individual protein (diameter and height) the molecular volume was calculated. Then molecular masses were derived from the respective molecular volumes. It turned out that an individual flag (diameter ϭ 24 nm at half-maximal height; maximal height ϭ 3 nm) has a molecular mass of about 100 kDa (range: 70 to 130 kDa). The plug (diameter ϭ 40 nm at half-maximal height; maximal height ϭ 8 nm) has an estimated molecular mass of about 800 kDa (range: 600 to 1,000 kDa). Because flags ''sit'' on the NPC surface their volume can be estimated directly from the images. Plugs in contrast ''are stuck'' in the central channel and their volume can be measured only after ''dragging'' individual plugs by means of mechanical force by the AFM tip from the depth of the central channel toward the NE surface. Furthermore, flags usually decorate the cytoplasmic ring in its periphery (see Fig. 1 A) whereas plugs are found in the NPC center (see Fig. 1C ). Finally, flags can be easily removed from the rings by increasing the lateral force (tip-sample interaction force: about 10 nN) as shown in Fig. 1B . Plugs can also be removed, but 10 times higher forces (about 100 nN) are necessary (plug removal shown in Fig. 1D ). The latter technique (so-called plug harvesting) has been described in detail recently (25) . In short, after imaging pores with plugs by using low loading forces we gradually increased force until plugs became loose. Blurred images indicated that plugs were displaced. Only 1-2 scans were necessary to obtain this result. Usually, the first scan removed the plug from the central channel and moved it toward the outer rim of the individual NPC. A subsequent sweep cleaned the nuclear pore ring so that some of the material got stuck on the AFM tip. Force curves performed subsequently indicated that ''sticky material'' contaminated the AFM tip (i.e., adhesion forces increased about 5-to 10-fold as compared with initial values before force application). Immediately loading forces were again lowered. This process resulted in clear images of NPCs deprived of plugs. Movie 1 illustrating this harvesting technique is avail- able as supporting information on the PNAS web site, www. pnas.org. Fig. 2 shows representative original tracings of two individual NEER measurements by using NHT. When nuclei are gently sucked into the tapered part of the glass capillary NEER can be measured as a sudden increase in electrical resistance followed by a new steady-state value. As long as the nucleus remains in place, NEER remains constant. The tracings show that aldosterone affects NEER. Twenty minutes after injection of aldosterone NEER is found increased by nearly 20%. To test the specificity of the aldosterone response we coinjected the aldosterone receptor antagonist spironolactone (at a 10 times higher concentration as compared with aldosterone). The data (aldosterone and aldosterone͞spironolactone injections) are summarized in Fig. 3 . Two minutes after aldosterone injection we observed an early NEER peak (2-min value: 119.6 Ϯ 5.07%; mean Ϯ SE, n ϭ 17), followed by a sustained NEER depression (11-min value: 75.9 Ϯ 4.45%; mean Ϯ SE, n ϭ 5). Eighteen to 20 min after aldosterone injection another late NEER peak appeared (18-min value: 121.3 Ϯ 4.32%; mean Ϯ SE, n ϭ 10) and finally dissipated (30-min value: 102.9 Ϯ 2.45%; mean Ϯ SE, n ϭ 4). Simultaneous injection of aldosterone and its inhibitor spironolactone completely prevented the aldosterone response. NEER remained virtually unaffected.
Results
When we realized that application of aldosterone transiently affected NEER we searched for a structural correlate in the NE. The most likely supramolecular candidates for transmitting molecular signals between nucleus and cytoplasm were the NPCs, structures that undergo dramatic conformational changes when stimulated (18, (26) (27) (28) . Therefore, we analyzed by AFM NEs isolated from aldosterone-treated oocytes. A representative example is given in Fig. 4 . Before aldosterone injection, NPCs appear as smooth rings at the NE surface. Two minutes after hormone injection, NPCs are decorated with macromolecules. We call such macromolecules attached to the ring periphery flags. Eight minutes after injection, NPCs again appear as smooth rings. This is caused by the lack of flags at this stage of hormone stimulation. Nineteen minutes after aldosterone injection we detect rather large masses in the NPC central channels. We call such macromolecules located in the NPC centers plugs. In an extensive series of experiments we quantified flag and plug formation (for details see Methods) over a period of about 30 min comparable to the NEER measurements. As indicated in Fig. 5 we found about 25% of NPCs occupied with flags only 2 min after hormone injection. Flags rapidly disappeared thereafter. Coinjection of the competitive aldosterone antagonist spironolactone completely prevented flag formation. Fig. 6 shows the pattern of plug formation. Plugs appear 10 min after hormone injection. About 25% of NPCs are found plugged close to 20 min after aldosterone injection. A later small peak occurs about 30 min after hormone injection. Then plugs disappear.
Because plugs most likely represent ribonucleoproteins exported by the NPCs in response to aldosterone stimulation we applied NEER measurements to test this hypothesis. We performed two sets of experiments: In a first series we stimulated the oocytes with aldosterone, then measured NEER in the isolated nuclei 19 min after hormone injection and finally exposed them for 20 min to mRNase. In a second series we coinjected oocytes with aldosterone plus actinomycin D and performed NEER measurements 19 min later. As indicated in Fig. 7 actinomycin D injection or RNase exposure eliminated the late NEER peak, indicating that formation and export of mRNA are responsible for the electrical phenomena. 
Discussion
In kidney cells NEs respond to aldosterone by increasing the total number of pores per nucleus (29) and by facilitating macromolecule transport through individual NPCs (30) . These responses occur within 24 h. In the present study we investigated the route of macromolecules through the nuclear pores immediately after hormone exposure. We took advantage of the fact that stage VI oocytes of X. laevis respond to aldosterone with an intracellular signal cascade that involves the cell nucleus.
AFM detected 100-kDa macromolecules (flags) attached to the cytoplasmic rings of individual NPCs. Flags are detectable only within the first few minutes after aldosterone injection. These flags are likely to be mineralocorticoid receptors because (i) the competitive receptor antagonist spironolactone inhibited NPC flagging and (ii) the molecular weight of the individual flags estimated by AFM matches the molecular mass of the mineralocorticoid receptor (31). As described, the proteins first bind to the NPC surface before, in a second step, translocation occurs through the NPC central channels (32) . Receptor translocation explains the AFM observation that NPCs were again free of flags several minutes after hormone treatment. The existence of mineralocorticoid receptors in mature metaphase II-arrested oocytes has been recently shown although their physiological relevance has not yet been addressed (33) . It is interesting to note that NE resistance was found to increase at the time when NPCs were flagged by the 100-kDa macromolecules. In the light of recent experiments we interpret this electrical conductance change as follows: the putative mineralocorticoid receptors dock to NPCs and occlude the so-called peripheral channels. The existence of such channels was postulated almost 10 years ago on the basis of electron microscopy (34) and was confirmed recently by visualization with AFM (35). Using the NHT alone it is not possible to distinguish whether virtually all NPCs undergo a 20% increase in electrical resistance or whether 20% of the total number of NPCs transiently lose all of their electrical conductivity. However, quantitative comparison of structural AFM data with the functional NEER experiments indicates that most likely a certain percentage of NPCs (about 20%) become electrically tight for a short period (a few minutes) and then are again open for inorganic ion movements. A similar model was developed by Bustamante and coworkers (14, 36) applying patch-clamp techniques to the NE. The early NEER peak was followed by a marked decrease in the envelope resistance. This occurred at a time when NPCs were unflagged. Why NEER fell below the initial control values is currently a matter of speculation: Steroid hormone-induced transcription occurs over this time period and is known to be associated with chromatin decondensation and nuclear swelling (7). This nuclear event could be paralleled by an increased NPC ion permeability. Possibly, NPC rings expand and ATP and Ca 2ϩ -sensitive peripheral channels become conductive. Whether such a permeability change occurs in ''hot spots'' or affects the NE in general is still unknown. From the physiological point of view, it is more likely that the increase in ion permeability is strictly localized, allowing inorganic ions (particularly Ca 2ϩ ) to gain access to the specific sites of transcription. It has been shown that Ca 2ϩ spikes at defined concentrations over defined periods of time are prerequisites for successful gene expression (37) (38) (39) (40) . Locally restricted NPC permeability changes could allow for such mechanisms.
The late NEER peak coincides with NPC plugging. There is strong evidence that plugs are ribonucleoproteins exported by NPCs. First, the dimensions measured with AFM match with those reported for ribonucleoproteins estimated previously by electron microscopy (41, 42) . Second, application of RNase decreases NEER in hormone-stimulated oocytes but does not decrease in nonstimulated oocytes. Third, plugs appear in the central NPC channels with a lag period of about 19 min after hormone injection consistent with export of early mRNA. A likely candidate is the serum-and glucocorticoid-dependent kinase sgk (see ref. 43 for review). It is believed that this ancient enzyme was important in controlling epithelial Na ϩ transport when early vertebrates made the transition from marine to a freshwater environment (44) . Recently, it has been shown that the sgk is indeed a mineralocorticoid-induced regulator of epithelial sodium channels activity (45) (46) (47) (48) . Plug formation is paralleled by a sharp increase in NEER, indicating that NPC electrical conductance decreases. Because plugging visualized by AFM and the NEER increase also match quantitatively we assume that plugged NPCs are electrically tight. This could be caused by NPC ring dilation (see Fig. 1 ) with parallel occlusion of the peripheral channels. Indeed, the thickness of the cytoplasmic ring decreased by 10 -30% when plugs were present in the central channels. This likely affects peripheral channel conductance. Similar conformational changes as NPC contraction in response to ATP (18) and NPC central channel occlusion in response to cisternal calcium store depletion (49) have been observed by AFM in the past. In nuclei of salivary gland cells of Chironomus thummi Ito and Loewenstein (50) showed as long ago as 1965 that the steroid hormone 20-OH ecdysone induces changes in NEER. This phenomenon could be explained by the ecdysone-induced transcriptional activity of the cell nucleus.
We recently described a method for plug harvesting from NPCs by using the AFM as a nanosurgical tool (25) . Using this technique it should be feasible to harvest plugs and decipher their mRNA by using molecular biological techniques. This approach could lead to the sequential identification of aldosterone-induced early genes. One of the advantages of the oocyte system is that mature stage VI oocytes are inactive in terms of transcription (51, 52) but can be activated by exogenous stimuli (53) . Here we showed that stage VI oocytes respond to aldosterone by triggering a fast signal cascade involving the cell nucleus.
In Fig. 8 we have modeled individual NPCs as supramolecular structures with high plasticity. In response to aldosterone the activated intracellular receptor proteins dock to the individual NPC rings, occluding the peripheral channels and causing NPC ion conductances to decrease. Then, the receptor is translocated and transcription occurs. This process is indicated by nuclear swelling, peripheral channel expansion, and concomitant high NPC ion conductance. Inorganic ions can easily move between cytosolic and nucleoplasmic compartments to the sites of transcription. The final step in steroidinduced NPC function is mRNA export (indicated by plug movement through the NPC central channel). NPC rings are dilated, which causes peripheral channels to collapse. Consequently, NPC ion conductance is low, which prevents further decondensation of the chromatin.
In conclusion, these technical approaches open the way to further investigation of the components involved in hormonal signaling.
